Studies on the growth of Mycobacterium tuberculosis in a semisynthetic medium have indicated that this microorganism has no essential requirement for any of the amino acids although growth of most strains is stimulated by glutamic acid (Middlebrook et al., 1954) . However, when M. tuberculosis is inhibited by p-aminosalicylic acid (PAS) an exogenous source of methionine is required for restoration of growth since synthesis of this amino acid appears to be blocked by the inhibitor (Hedgecock, 1956) . In the present investigation a study has been made of the ability of structurally related amino acids to antagonize methionine under conditions of PASinhibition wherein M. tuberculosis was dependent upon an exogenous source of methionine for growth.
MATERIALS AND METHODS
The H37Rv strain of M. tuberculosis was uti-. lized in this investigation. Kirchner medium containing "tween 80" was used throughout for culture of the organism. All compounds were sterilized by filtration through sintered glass filters. Appropriate amounts were then added to 1 ml of sterile 2 X medium contained in a 15 by 125 mm test tube. The final volume was adjusted to 2 ml with distilled water.
Inocula were prepared from tubercle bacilli which had been cultured for 10 to 12 days, then washed 3 times and diluted in Kirchner medium until an optical density of 0.04 was reached. Five hundredths ml of the suspension was used to inoculate each 2 ml of medium. The inoculated media were incubated at 37 C in a moist atmosphere for 14 to 16 days, at which time growth was measured turbidimetrically.
1 This work was supported by a grant from the National Institute of Allergy and Infectious Diseases of the National Institutes of Health, Public Health Service E-914 (R).
RESULTS
A determination was made of the effect of each of twenty-two amino acids on the growth of Mycobacterium tuberculosis in unaltered Kirchner medium and in Kirchner medium which contained the following compounds: PAS, 20 ,g/ml;
biotin, 1 ,ug/ml; tween 80, 500 ,ig/ml; and Lmethionine at levels of 5, 10, 20, and 40 Ag/ml.
The amino acids were added to the medium in concentrations which varied from 5 to 800 Mg per ml.
Methionine was antagonized by leucine, isoleucine, norleucine, norvaline, alanine, phenylalanine, tyrosine, threonine, and ornithine. L-Tyrosine effected antagonism in maximal concentration (800 ,ug/ml) only at the minimum level of L-methionine (5 ,ug/ml). L-Threonine and Lornithine effected partial antagonism at similar levels. Methionine was antagonized completely at concentrations greater than 5 Ag per ml by leucine, isoleucine, norleucine, norvaline, alanine, and phenylalanine (tables 1 and 2). Norleucine antagonized methionine competitively, yielding an inhibition index (Beerstecher and Shive, 1946) of 10. Isoleucine also exhibited an inhibition index of 10 at levels of 5, 10, and 20 ,ug of methionine per ml; at 40 ,ug per ml the inhibition index increased to 20. Norvaline and leucine failed to produce complete antagonism when the concen- t The determinations were made in a system which contained PAS (20 ,ug/ml), biotin (1 ,ug/ml), tween 80 (500 jig/ml) and L-methionine (5 to 40 ,ug/ml) wherein methionine represented a component essential for reversal of PAS-inhibition. The addition of norvaline to isoleucine or to norleucine produced additive results at methionine levels of 5, 10, and 20 ,g per ml but not at 40 ,ug per ml. Similar results were obtained by adding isoleucine to norleucine. Additive results at concentrations of 5 and 10 ,ug of methionine per ml but not at 20 and 40 ,ug per ml were obtained by the addition of leucine to isoleucine or to norleucine. The addition of leucine, alanine, or phenylalanine to the isoleucine-norleucine group did not change the inhibition index appreciably. Antagonism was retarded (indicated by an increase in the inhibition index) by the addition of leucine to the isoleucine-norleucine group as well as by the addition of leucine or isoleucine to the norleucine-norvaline group. Synergistic effects were observed when phenylalanine was included TABLE 3 Antagonism of methionine by groups of structurally related amino acids in p-aminosalicylic acid-inhibition of Mycobacterium tuberculosis t The inhibition index represented the ratio of the amount of the antagonistic amino acids required for complete inhibition of growth to the level of methionine. The determinations were made in a medium which contained PAS (20,ug/ml), biotin (1 jig/ml), tween 80 (500 ,g/ml) and L-methionine (5 to 40 ,ug/ml) wherein methionine represented a component essential for reversal of growth inhibition.
t The absence of a value indicates that the groups of amino acids at individual concentrations of 800 ,ug/ml or less did not effect complete antagonism of methionine. 
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in the isoleucine-norleucine-norvaline group. Synergism was also observed at levels of 5 and 10 ,ug of methionine per ml when leucine was added to the isoleucine-norleucine-norvaline group but antagonism was not effected at levels of 20 and 40 j,g per ml. M\{aximal concentrations of the groups of antagonistic amino acids (400 ,ug/ml) did not inhibit growth of M. tuberculosis in unaltered Kirchner medium.
The action of isoleucine and norleucine with respect to antagonism of methionine was examined further in a medium which contained the following amino acids in concentrations found in human plasma (Hier and Bergeim, 1946) : L-leucine, 19.4 ,g/ml; L-arginine, 23.4 jig/ml; L-histidine, 14.2 j,g/ml; L-lysine, 29.5 ,ug/ml; L-phenylalanine, 13.8 ug/ml; L-tyrosine, 14.8 ,ug/ml; L-threonine, 20.2 Ag/ml; L-tryptophan, 0  469  482  469  409  2  46  292  469  412  5  4  168  469  456  10  0  27  469  398  20  0  0  301  495  50  0  0  41  495  100  0  0  0  292  200  0  0  0  27  400  0  0  0  0 Inhibition index. shows that the antagonistic activity of isoleucine and norleucine was enhanced by incorporation of the group of amino acids into the medium at levels of 5 and 10 ,ug of methionine per ml, but not at concentrations of 20 and 40 ug per ml.
DISCUSSION
Antagonism between methionine and certain structurally related amino acids has been observed by other investigators. The growth of Lactobacillus arabinosus and Leuconostoc mesenteroides (Brickson et al., 1948) as well as Pasteurella pestis (Doudoroff, 1943) was affected by imbalances of valine, leucine, isoleucine, and methionine. Growth of a leucine-requiring mutant of Escherichia coli was inhibited by the presence in the culture medium of methionine, valine, isoleucine, and norleucine (Hirsch and Cohen, 1953) . The present findings concerning antagonism of methionine by structurally related amino acids in M. tuberculosis differ from previous observations in that antagonism was demonstrated only under conditions of drug-inhibition wherein accessory growth factors were required for restoration of growth.
Norleucine was the most effective single methionine antagonist. The most active pair of antagonists were norleucine and norvaline. Leucine, norleucine, norvaline, and phenylalanine represented the most effective group of antagonists. The addition of leucine to certain individual groups of antagonistic amino acids resulted in an enhancement of antagonism at low levels of methionine with abolishment of antagonism at higher levels. Norvaline produced an effect similar to that of leucine in several instances, however, the addition of this amino acid to certain other antagonists resulted in significant enhancement of antagonism at all levels of methionine. The incorporation into the medium of a group of amino acids in proportions found in human plasma enhanced the antagonism of methionine by isoleucine and norleucine.
It would appear that the ability of PAS to inhibit both in vitro and itn vivo growth of M. tuberculosis may be dependent upon the relative concentrations of methionine and the structurally related antagonists which are available to the organism. Under certain dietary conditions PAS could be extensively antagonized by the host body levels of free methionine, in conjunction with biotin and certain fatty acids or purines. The importance of methionine in relation to PAS activity is evidenced by the finding that in PASsusceptible strains of M. tuberculosis small numbers of tubercle bacilli are present which require only methionine for reversal of growth inhibition while PAS-resistant strains (range from 2 to 200 ug/ml) are composed almost entirely of such organisms (Hedgecock, 1957 (Hedgecock, ,1958 (Almquist, 1956 ) is in progress.
SUMMARY
Antagonism of methionine by structurally related amino acids was demonstrated in Mycobacterium tuberculosis under conditions of paminosalicylic acid-inhibition wherein an exogenous source of methionine was required for restoration of growth. Methionine was antagonized by leucine, isoleucine, norleucine, norvaline, alanine, phenylalanine, tyrosine, threonine, and ornithine. Norleucine was the most effective single antagonist. The most effective group of antagonists was composed of: isoleucine, norleucine, norvaline, and phenylalanine.
